Fbxw7α is a member of the F-box family of proteins, which function as the substrate-targeting subunits of SCF (Skp1/Cul1/F-box protein) ubiquitin ligase complexes. Using differential purifications and mass spectrometry, we identified p100, an inhibitor of NF-κB signalling, as an interactor of Fbxw7α. p100 is constitutively targeted in the nucleus for proteasomal degradation by Fbxw7α, which recognizes a conserved motif phosphorylated by GSK3. Efficient activation of non-canonical NF-κB signalling is dependent on the elimination of nuclear p100 through either degradation by Fbxw7α or exclusion by a newly identified nuclear export signal in the carboxy terminus of p100. Expression of a stable p100 mutant, expression of a constitutively nuclear p100 mutant, Fbxw7α silencing or inhibition of GSK3 in multiple myeloma cells with constitutive non-canonical NF-κB activity results in apoptosis both in cell systems and xenotransplant models. Thus, in multiple myeloma, Fbxw7α and GSK3 function as pro-survival factors through the control of p100 degradation.
members to inhibit their activity, primarily by sequestering them in the cytoplasm. p100 is the main inhibitor of the non-canonical, or alternative, NF-κB pathway 15 . In response to developmental signals, such as lymphotoxin (LTα 1 β 2 ), B-cell activating factor (BAFF) and CD40 ligand [15] [16] [17] [18] [19] [20] , p100 is dissociated from NF-κB dimers (p50:RelA), allowing their nuclear translocation 21 . Subsequent activation of the transcriptional response includes de novo synthesis of p100 (NFKB2 gene), leading to concomitant generation of p52 through a cotranslational processing mechanism that requires IKKα-dependent phosphorylation of p100 on Ser 866 and Ser 870, and the activity of SCF βTrCP (refs 22-24) . p52 preferentially binds RelB to activate a distinct set of gene targets involved in lymphoid development 25, 26 . Whether and how p100 is regulated by protein degradation have not been investigated.
Constitutive activation of NF-κB is common in B-cell neoplasms 27 . Notably, many mutations in genes encoding regulators of noncanonical NF-κB activity have been identified in human multiple myelomas 28, 29 (for example, loss-of-function mutations in TRAF2/3 and cIAP1/2, gain-of-function mutations in NIK and C-terminal truncations of p100) 13, [28] [29] [30] . These abnormalities result in a constitutively elevated level of NF-κB signalling, which is associated with glucocorticoid resistance and proteasome inhibitor sensitivity. The Figure 1 p100 interacts with Fbxw7α through a conserved degron phosphorylated by GSK3. (a) p100 binds Fbxw7α. HEK293 cells were transfected with cDNAs encoding the indicated FLAG-tagged F-box proteins (FBPs), Cdh1 or Cdc20 and treated with the proteasome inhibitor MG132 for 6 h. FLAG-tagged immunoprecipitates (IPs) from cell extracts with anti-FLAG resin were immunoblotted as indicated. Lane 1 shows whole-cell extract (WCE) from empty vector (EV)-transfected cells. (b) Ser 707 and Ser 711 in p100 are required for the interaction with Fbxw7α. HEK293 cells were transfected with HA-tagged Fbxw7α and constructs encoding FLAG-tagged p100 or p100(Ser707/711Ala). FLAG-tagged p100 was immunoprecipitated from cell extracts, followed by immunoblotting as indicated. The right panel shows whole-cell extract. (c) The p100 degron requires phosphorylation to bind Fbxw7α. In vitro-translated Fbxw7α and βTrCP1 were incubated with beads coupled to the indicated p100 peptides or BimEL peptide. Beads were washed and eluted proteins were immunoblotted as indicated. The first lane shows 10% of in vitro-translated protein inputs. (d) GSK3 phosphorylates p100 in vitro. In vitro-translated p100 or p100(Ser707/711Ala) was incubated at 30 • C for 1 h in the presence or absence of GSK3β. Reaction products were immunoblotted as indicated.
(e) GSK3-mediated phosphorylation of p100 is required for p100 binding to Fbxw7α in vitro. In vitro-translated, FLAG-tagged p100 was incubated with or without GSK3β before incubation with in vitro-translated Fbxw7α. FLAG-tagged immunoprecipitates were immunoblotted as indicated. 5% of inputs are shown. (f) GSK3 phosphorylates p100 in vivo. MEFs were treated with dimethylsulphoxide (DMSO) or the GSK3 inhibitor GSK3i IX (5 µM). Cell extracts were immunoblotted as indicated. (g) In vivo binding between p100 and Fbxw7α depends on GSK3 activity. Nfκb2 −/− MEFs were infected with retroviruses expressing FLAG-tagged p100 or p100(Ser707/711Ala). Cells were treated with the indicated concentrations of GSK3i IX for 12 h. FLAG-tagged immunoprecipitates were immunoblotted as indicated. (h) p100 is ubiquitylated in vitro in a degron-and SCF Fbxw7α -dependent manner. [ 35 S]-in vitro-translated (IVT) p100 or p100(Ser707/711Ala) was incubated at 30 • C with a ubiquitylation mix. SCF Fbxw7α was added to the reaction for the indicated times. Reactions were subjected to SDS-PAGE and analysed by autoradiography. Uncropped images of blots are shown in Supplementary Fig. S8 .
efficacy of the proteasome inhibitor bortezomib in multiple myeloma patients and human multiple myeloma cell lines (HMMCLs) with inactivation of TRAF3 has been attributed in part to inhibition of the NF-κB pathway 29 . Here, we show that Fbxw7α constitutively targets nuclear p100 for proteasomal degradation on phosphorylation of p100 by GSK3. Clearance of p100 from the nucleus is required for efficient activation of the NF-κB pathway and the survival of multiple myeloma cells.
RESULTS

Phosphorylation-and GSK3-dependent interaction of p100 with Fbxw7α
To identify previously unknown substrates of the SCF Fbxw7α ubiquitin ligase, FLAG-HA-tagged Fbxw7α was immunopurified from HEK293 cells ( Supplementary Fig. S1a ) and analysed by mass spectrometry. As a negative control, we used FLAG-HA-tagged Fbxw7α (WD40), a mutant that lacks the ability to bind substrates, but not Skp1 
Figure 2
Fbxw7α controls p100 stability in the nucleus. (a) A constitutively nuclear mutant of p100 (p100( NES)) is stabilized by proteasome inhibitor treatment or silencing of Fbxw7. HeLa cells were infected with a retrovirus expressing HA-tagged p100( NES) and treated with either siRNAs or MG132. Cells were treated with cycloheximide (CHX) for the indicated times, and total cell lysates were analysed by immunoblotting as indicated. (b) A constitutively nuclear mutant of p100 (p100( NES)) is stabilized by mutation of Ser 707 and Ser 711 to alanine. HeLa cells were infected with retroviruses expressing either HA-tagged p100( NES) or HA-tagged p100( NES; Ser707/711Ala) and treated with cycloheximide for the indicated times. Total cell lysates were analysed by immunoblotting as indicated (left). mRNA levels of retrovirally expressed p100 were analysed by quantitative PCR (right). (c) Identification of an NES in p100. MEFs were infected with retroviruses expressing either HA-tagged p100(4×NES) or HA-tagged p100(4×NES; Ser707/711Ala) and stained with an antibody against HA. Scale bar, 20 µm. The identified consensus NES is shown on the bottom. aa, amino acids. (d) A constitutively nuclear mutant of p100 (p100(4×NES)) is stabilized by mutation of Ser 707 and Ser 711 to alanine. Nfκb2 −/− MEFs were infected with a retrovirus expressing HA-tagged p100(4×NES), HA-tagged p100(4×NES; Ser707/711Ala), HA-tagged p100(NLS) or HA-tagged-p100(NLS; Ser707/711Ala), treated with cycloheximide for the indicated times and total cell lysates were analysed by immunoblotting as indicated (left). IκBα is shown as a positive control for cycloheximide activity. mRNA levels of retrovirally expressed p100 were analysed by quantitative PCR (right). Uncropped images of blots are shown in Supplementary Fig. S8. and Cul1 (ref. 31 and Supplementary Fig. S1b ). p100 peptides were identified in Fbxw7α immunoprecipitates, but not in Fbxw7α (WD40) purifications ( Supplementary Fig. S1c ), indicating that p100 may be a SCF Fbxw7α substrate. To investigate whether the binding between p100 and Fbxw7α is specific, we screened a panel of human WD40 domain-containing F-box proteins, as well as Cdh1 and Cdc20 (WD40 domaincontaining subunits of an SCF-like ubiquitin ligase). Whereas p100, p105 and IκBα were detected in βTrCP immunoprecipitates, as previously reported 24, 32 , Fbxw7α co-immunoprecipitated only p100 (Fig. 1a) .
Next, we systematically mapped the Fbxw7α-binding motif of human p100. A set of p100 mutants with serial deletions narrowed the binding motif to a C-terminal region between amino acids 702 and 720 ( Supplementary Fig. S1d,e) . This region contains a conserved sequence resembling the canonical Fbxw7 degradation motif (degron) S/TPPXS/E (Supplementary Fig. S1f ). Further mutational analysis of p100 revealed Ser 707 and Ser 711 as residues contributing to its interaction with Fbxw7α ( Supplementary Fig. S1g) . A p100 mutant containing alanine substitutions at both Ser 707 and Ser 711 [p100(Ser707/711Ala)] failed to bind Fbxw7α (Fig. 1b) .
To investigate whether serine phosphorylation plays a role in the interaction of p100 with Fbxw7α, we used immobilized, synthetic peptides spanning the candidate phospho-degron (amino acids 702-715 in human p100). Only a peptide doubly phosphorylated on Ser 707 and Ser 711 efficiently bound Fbxw7α (but not βTrCP; Fig. 1c ), indicating that Fbxw7α binds doubly phosphorylated p100.
To further study the role of p100 phosphorylation, we generated a phospho-specific antibody against phospho-serine at position 707 ( Supplementary Fig. S2a,b) . Using this tool, we found that Fbxw7α, but not βTrCP, co-immunoprecipitated p100 phosphorylated on Ser 707, whereas βTrCP, but not Fbxw7α, co-immunoprecipitated p100 phosphorylated at Ser 866 and Ser 870 ( Fig. 1a and Supplementary Fig. S2c ).
As previous studies have shown that Fbxw7 substrates are phosphorylated by GSK3 (ref. 5), we investigated whether this was the case for p100. GSK3 was able to phosphorylate p100 on Ser 707 in vitro and promoted its binding, but not the binding of p100(Ser707/711Ala), to Fbxw7α (Fig. 1d,e and Supplementary Fig. S2d ), confirming that only p100 phosphorylated on Ser 707 associates with Fbxw7α. We next asked whether p100 is a target of GSK3 in vivo. Treatment of mouse embryo fibroblasts (MEFs) with a GSK3 inhibitor 33 (GSK3i IX) markedly reduced the level of phosphorylation of Ser 707 on p100 to an (a) p100 accumulates in the nucleus on LTβR activation. MEFs were treated with agonistic anti-LTβR antibodies, fixed and stained with antibodies against the N-or C-terminus of p100 (green). A similar pattern was observed with an antibody against either the N-terminus (recognizing both p100 and p52) or the C-terminus (recognizing only p100). Scale bar, 100 µm. (b) Levels of p100 are higher in Fbxw7 −/− MEFs than in Fbxw7 flox/flox MEFs. MEFs were stimulated with agonistic anti-LTβR antibodies and collected at the indicated times. Nuclear and cytoplasmic fractions were analysed by immunoblotting as indicated. (c) Levels of p100 are increased on GSK3 inhibition. MEFs were incubated with GSK3i IX and stimulated with agonistic anti-LTβR antibodies. Nuclear and cytoplasmic fractions were analysed by immunoblotting as indicated. (d) p52 induces the accumulation of nuclear p100. Nfκb2 −/− MEFs were infected with retroviruses expressing p100 and HA-tagged p52, fixed and stained with antibodies against the C-terminus of p100 (green) and the HA tag (red). DNA was stained with DAPI. Scale bar, 100 µm. (e) p52 induces p100 accumulation in control cells, but not in cells depleted of Fbxw7. HeLa Tet-ON HA-tagged p52 cells were treated with siRNA against LacZ or FBXW7. Doxycycline (DOX) was added to cells at the indicated times. Total cell extracts were immunoblotted as indicated. (f) p52 competes with Fbxw7α for binding to p100 in vivo. HEK293 cells were transfected with cDNAs encoding either FLAG-tagged p100 or FLAG-tagged p100(Ser707/711Ala). Increasing amounts of HA-tagged p52 plasmid were transfected. Proteins were immunoprecipitated from cell extracts with anti-FLAG resin (anti-FLAG), and the immunoprecipitates (IPs) were immunoblotted as indicated. The first lane shows cells transfected with an empty vector (EV). (g) The interaction of Fbxw7 with p100 is disrupted after treatment of cells with anti-LTβR. MEFs were treated with anti-LTβR for 18 h, collected, lysed and endogenous Fbxw7α was immunoprecipitated. Immunocomplexes were analysed by western blotting for the indicated proteins. Fbxw7 −/− cells were used as a negative control. Uncropped images of blots are shown in Supplementary Fig. S8 . extent similar to that observed for GSK3 phosphorylation sites in c-Myc and β-catenin (Fig. 1f) . In contrast, phosphorylation of Ser 866/870 (the βTrCP degron) was unaffected by GSK3 inhibition. Furthermore, increasing doses of GSK3i IX decreased the affinity of Fbxw7α for p100 (Fig. 1g) . Taken together, these results indicate that GSK3 phosphorylates p100 on the Fbxw7α degron, promoting binding to Fbxw7α.
Last, we reconstituted the ubiquitylation of p100 in vitro. Wild-type p100, but not p100(Ser707/711Ala), was efficiently ubiquitylated only when recombinant SCF Fbxw7α was present in the reaction mix ( Fig. 1h and Supplementary Fig. S2e ), supporting the hypothesis that Fbxw7α directly controls the ubiquitylation of p100.
Fbxw7α-mediated degradation of p100 occurs in the nucleus independently of NF-κB signalling p100 is predominantly a cytoplasmic protein, but on a brief treatment of cells with the CRM1/exportin1 inhibitor Leptomycin B (LMB), p100 accumulated in the nucleus ( Supplementary  Fig. S2f,g ), indicating that it actively shuttles between the cytoplasm and nucleus, as previously suggested 34 . Knockdown analysis of the Fbxw7 isoforms using established siRNAs targeting Fbxw7α, Fbxw7β and Fbxw7γ, either individually or all at once 35, 36 , revealed that the α (nuclear) isoform regulates p100 cellular abundance ( Supplementary Fig. S2h ). MEFs was set as 1. (b) LTβR-dependent gene transcription is impaired in cells expressing stable p100(Ser707/711Ala). MEFs were infected with retroviruses expressing empty vector (EV), p100 or p100(Ser707/711Ala), stimulated with agonistic anti-LTβR antibodies and processed as in a. Levels of the indicated mRNAs were determined by quantitative PCR (±s.d., n = 3). The value for the amount of PCR product present in empty-vector-infected MEFs was set to 1. (c) LTβR-dependent gene transcription is impaired in cells expressing constitutively nuclear p100(4×NES). MEFs were infected with retroviruses expressing empty vector, p100, p100(Ser707/711Ala), p100(4×NES) or p100(4×NES; Ser707/711Ala) and stimulated with agonistic anti-LTβR antibodies. After 12 h of stimulation, levels of the indicated mRNAs were determined by quantitative PCR (±s.d., n = 3) and normalized to the transcriptional activation measured in cells infected with empty vector. (d) LTβR-dependent binding of RelB to NF-κB elements is impaired in cells expressing p100(Ser707/711Ala) or p100(4×NES). MEFs were infected with retroviruses expressing p100, p100(Ser707/711Ala) or p100(4×NES) and stimulated with agonistic anti-LTβR antibodies. DNA precipitated with an anti-RelB antibody was amplified by real-time PCR using primers flanking the indicated gene promoters (±s.d., n = 3). The LTβR-unresponsive promoter of IL-6 was used as a negative control. The value for the amount of PCR product present in MEFs infected with wild-type p100 was set as 1.
To expand our studies on the nuclear regulation of p100, we generated p100( NES), a C-terminal deletion mutant of p100 that lacks the last 180 amino acids, but retains the Fbxw7α degron. p100( NES) constitutively localizes to the nucleus 34 ( Supplementary  Fig. S3a ). Depletion of Fbxw7 or treatment of cells with the proteasome inhibitor MG132 increased the half-life of p100( NES) (Fig. 2a) . Moreover, mutation of Ser 707 and Ser 711 to alanine in the context of p100( NES) significantly stabilized this largely nuclear protein (Fig. 2b) . Next, on the basis of homology with NES consensus sequences, we identified the NES sequence in p100 (Fig. 2c) . p100(4×NES), a p100 mutant in which alanine was substituted for four residues within the NES (Leu 831, Leu 832, Met 838 and Leu 840), mislocalized to the nucleus (Fig. 2c) . p100(4×NES) exhibited a short half-life, and the Ser707/711Ala mutations stabilized the protein (Fig. 2d) . In contrast, p100(NLS), a mutant in which the amino acids of the p100 nuclear localization signal ( 338 KRRK 341 ) were mutated to alanine ( Supplementary Fig. S3b ), was stable and unaffected by mutations in the Fbxw7α degron (Fig. 2d) . We also found that retrovirally expressed wild-type p100 exhibited a short half-life in the nuclear fraction of Nfκb2 −/− MEFs, and the Ser707/711Ala mutations stabilized nuclear p100 ( Supplementary Fig. S3c ). Furthermore, Fbxw7 silencing or treatment with MG132 stabilized nuclear p100 in cells pre-treated with LMB ( Supplementary Fig. S3d ).
To study how Fbxw7α influences levels of endogenous p100, we activated the non-canonical NF-κB pathway in MEFs using an antibody agonistic to the lymphotoxin-β receptor 21 (anti-LTβR). In the nuclei of Fbxw7 flox/flox MEFs, levels of p100 increased in parallel with p52 generation (Fig. 3a-c ). In comparison, unstimulated Fbxw7
MEFs exhibited higher levels of nuclear p100 and this difference was particularly evident for the fraction of p100 phosphorylated on Ser 707 (Fig. 3b) . On LTβR ligation, levels of cytoplasmic p100 decreased in Fbxw7 flox/flox and Fbxw7 −/− MEFs with similar kinetics (despite higher levels in knockout cells, possibly owing to its nucleus-cytoplasm shuttling). Pharmacologic inhibition of GSK3 produced results similar to loss of Fbxw7 (Fig. 3c) .
Together, these data support the hypothesis that Fbxw7α constitutively targets p100 for degradation in the nucleus.
NF-κB proteins compete with Fbxw7α for p100
The nuclear accumulation of p100 following LTβR ligation has been attributed to de novo synthesis 37 . We reasoned that stabilization of p100 EV p100 (Ser707/711Ala) nuclear p100 also contributes to its elevated levels in the nucleus. As NF-κB proteins bind the ARD of p100, the Fbxw7α phospho-degron of p100 is located at the C-terminal end of the ARD (between the sixth and seventh ankyrin repeats) and NF-κB proteins (particularly p52 and RelB) accumulate in the nucleus on LTβR ligation, we investigated whether NF-κB proteins compete with Fbxw7α for p100 binding. Expression of exogenous p52 stabilized p100 (Fig. 3d,e ), but this effect was no longer observed in cells depleted of Fbxw7 (Fig. 3e) . Furthermore, p52 or RelB reduced the binding between p100 and Fbxw7α in a concentration-dependent manner both in vivo and in vitro ( Fig. 3f and Supplementary Fig. S4a,b) . Further evidence also supports a competition model. First, following LTβR ligation, the interaction of nuclear p100 with Fbxw7α decreased (Fig. 3g) , whereas overall binding of RelA and RelB to p100 decreased in the cytoplasm and increased in the nucleus (Supplementary Fig. S4c) . Second, deoxycholate analysis of p100-Fbxw7 complexes revealed that the fraction of p100 bound to Fbxw7α associates with RelB only through RHD:RHD interactions ( Supplementary Fig. S4d ). Together, these results indicate that NF-κB proteins induce the stabilization of p100 by competing with Fbxw7α for the ARD of p100.
Clearance of nuclear p100 is required for efficient NF-κB activation
We next assessed the effect of Fbxw7 loss on the expression of NF-κB target genes with roles in lymphoid development and inflammation. LTβR stimulation in Fbxw7 flox/flox MEFs induced the expression of several genes, including NFKB2, MCP-1, VCAM-1 and NFKBIA (Fig. 4a) . This response was attenuated in MEFs lacking Fbxw7, which exhibited a significant reduction in the amplitude of target gene transcription. Consistently, expression of the stable p100(Ser707/711Ala) mutant, but not wild-type p100, inhibited the transcription of NF-κB target genes (Fig. 4b) . Furthermore, treatment of cells with GSK3i IX also inhibited NF-κB activation following LTβR stimulation ( Supplementary Fig. S5a ). Similarly to our observations with anti-LTβR, Fbxw7 silencing or GSK3 inhibition attenuated the NF-κB response to either CD40L or TNF ( Supplementary Fig. S5b-e) . The latter finding is in agreement with a role for p100 as a general inhibitor of NF-κB signalling 38 . To further investigate the relevance of p100 accumulation in the nucleus, we investigated whether a constitutively nuclear p100 mutant is capable of inhibiting LTβR signalling. To this end, we expressed p100(4×NES) in MEFs and stimulated the cells with anti-LTβR. After 12 h of stimulation, the transcription of several LTβR-responsive genes (RANTES, NFKB2, MCP-1, VCAM-1 and NFKBIA), but not LTβR-unresponsive genes (IL-6, CCND1) or non-NF-κB target genes (18S, SPARC), was impaired by expression of the nuclear p100 mutant (Fig. 4c and Supplementary Fig. S6a ). The expression of stable p100(Ser707/711Ala) or a combined nuclear and stable p100 mutant (4×NES; Ser707/711Ala) impaired LTβR-dependent gene transcription to a similar extent (Fig. 4c) , as did the expression of a constitutively cytoplasmic p100(NLS) mutant (Supplementary Fig. S6a ). These results show that forced localization of p100 to either the nucleus or cytoplasm inhibits NF-κB signalling.
To analyse whether the transcriptional effect is a consequence of reduced binding of NF-κB proteins at the promoters of endogenous target genes, we carried out chromatin immunoprecipitation assays using an anti-RelB antibody. We found that, compared with wild-type p100, expression of p100(Ser707/711Ala) or p100(4×NES) decreased the LTβR-induced binding of RelB to NF-κB elements at the NFKB2, MCP1 and MIP2 promoters (Fig. 4d) . RelB association with the promoter of the LTβR-unresponsive gene IL-6 was unaffected by p100 mutants. The expression of a combined nuclear and stable mutant (4×NES; Ser707/711Ala) impaired RelB enrichment to a similar extent as p100(Ser707/711Ala) (Supplementary Fig. S6b ).
Thus, inefficient clearance of nuclear p100 (due to lack of Fbxw7, mutation of the p100 degron, GSK3 inhibition or mutation of the p100 NES) inhibits NF-κB target gene transcription on NF-κB pathway stimulation.
Fbxw7α-mediated degradation of p100 is necessary for the proliferation and survival of multiple myeloma cells
Multiple myeloma cells often exhibit and require elevated NF-κB activity 27 . We observed that, in HMMCLs, most p100 is localized in the cytoplasm, in contrast with Fbxw7α, which is exclusively nuclear (Fig. 5a) . To assess the relevance of the Fbxw7α-GSK3-p100 regulatory axis in this cancer, we expressed our p100 mutants in four HMMCLs (KMS11, MM1.R, ARP-1 and PCNY1) that are characterized by elevated NF-κB activity due to mutations in the non-canonical pathway (that is, TRAF3-inactivating mutations) 28, 29 . Compared with wild-type p100 or an empty vector, expression of p100(Ser707/711Ala) resulted in decreased proliferation of all four HMMCLs investigated (Fig. 5b,c) . Moreover, NF-κB target gene transcription was reduced in cells expressing the stable p100 mutant (Fig. 5d) . Accordingly, expression of p100(Ser707/711Ala) decreased cell viability and induced apoptosis (Fig. 5e) . Similarly, either expression of p100(4×NES) or Fbxw7 knockdown (the latter inducing accumulation of p100 in the nucleus) decreased the proliferation rate of HMMCLs (Fig. 5b,f-h ). These effects were not due to impairment of p100 processing because p52 generation was comparable in cells expressing wild-type p100 and the p100(Ser707/711Ala) mutant, depleted of Fbxw7 or treated with GSK3 inhibitors (Fig. 5b and Supplementary Fig. S7 ).
Finally, we transduced KMS11 cells with retroviruses encoding p100 or p100(Ser707/711Ala) and a luciferase reporter cassette. Equal ratios of relative light units per cell number were injected intraperitoneally or subcutaneously into SCID Beige mice (Fig. 6a-c) . The expression of p100(Ser707/711Ala) in KMS11 cells inhibited tumour growth, as revealed by in vivo imaging.
Thus, constitutive p100 degradation by Fbxw7α /GSK3 sustains the survival of multiple myeloma cells with aberrant NF-κB activity. p100 stabilization contributes to the cytotoxic effect of GSK3 inhibition in multiple myeloma cells Bortezomib, an inhibitor of the 26S proteasome, is used for the treatment of multiple myeloma 39 . Recently, the neddylation inhibitor MLN4924, which blocks the function of all Cullin-RING ligases (including SCF Fbxw7α ), entered phase I clinical trials for multiple myeloma 40 . As stabilization of nuclear p100 induces cell death in HMMCLs, we investigated whether chemical inhibition of GSK3 could be used as a therapeutic strategy in multiple myeloma. First, we treated ARP-1 and KMS11 cells with GSK3i IX. Cell fractionation revealed significant stabilization of p100 in the nucleus of these cells, similar to what was observed after bortezomib or MLN4924 treatment (Fig. 7a,b) . Accordingly, NF-κB target gene transcription was inhibited after treatment of KMS11 cells with GSK3i IX (Fig. 7c) , indicating an important role for GSK3 in sustaining aberrant NF-κB activity in HMMCLs. Next, we investigated whether inhibition of GSK3 affected the viability of HMMCLs. Similarly to treatment with bortezomib or MLN4924, GSK3 inhibition results in the death of HMMCLs (Fig. 7d) . Comparable results were obtained using next-generation GSK3 inhibitors, such as GSK3i XVI and GSK3i XXII (Fig. 7e,f) .
To assess whether the cytotoxic effect of GSK3i IX was attributable to p100 stabilization, we depleted p100 in ARP-1 cells using lentiviruses encoding three different short hairpin RNAs (Fig. 8a) . Cells were then treated with increasing concentrations of GSK3i IX, bortezomib, MLN4924 or dexamethasone and assayed for viability (Fig. 8b) . p100 knockdown desensitized ARP-1 cells to GSK3i IX, indicating that the presence of p100 contributes to the cytotoxic effect of GSK3i IX. Instead, a milder desensitization to MLN4924 and, to an even lesser extent, bortezomib was detectable on p100 knockdown. Finally, p100 depletion had no effect on cells treated with dexamethasone, another clinically relevant compound used for the treatment of multiple myeloma.
DISCUSSION
In this study, we show that Fbxw7α promotes degradation of the NF-κB inhibitor protein p100. Phosphorylation of p100 on Ser 707 and Ser 711 by GSK3 is a prerequisite for the p100-Fbxw7α interaction. Although predominantly cytoplasmic, p100 shuttles continuously between the cytoplasm and the nucleus. We show that p100 degradation by Fbxw7α and GSK3 occurs in the nucleus, independently from NF-κB activation. However, although independent from NF-κB signalling, p100 clearance from the nucleus (through Fbxw7α-mediated degradation or nuclear exclusion by a newly identified nuclear export signal in the C-terminus of p100) is a prerequisite for binding of RelB at the promoters of target genes and efficient activation of NF-κB-dependent gene transcription. In fact, deletion of the Fbxw7 gene, inhibition of GSK3, expression of a stable p100 mutant or expression of a constitutively nuclear p100 mutant attenuates the NF-κB response. The function of Fbxw7α in the NF-κB response is consistent with mouse genetic data showing that conditional knockout of Fbxw7 in haematopoietic stem cells induces a significant decrease in the number of both immature and mature B cells 41 , which rely on BAFF-mediated NF-κB signalling for homeostasis 42 . Moreover, in agreement with our findings, fibroblasts from GSK3-deficient embryos exhibit reduced activation of NF-κB signalling 43 . Whereas phosphorylation of p100 on Ser 707 is constitutive, phosphorylation of p100 on Ser 866/870 is induced by NF-κB stimuli, leading to p100 cleavage into p52 (refs 23,24) . Accordingly, p52 can be generated from p100(Ser707/711Ala), but not from a p100(Ser866/870) mutant. Interestingly, cytoplasmic p100 is phosphorylated on both Ser 707 and Ser 866/870, whereas nuclear p100 is phosphorylated only on Ser 707. Furthermore, p100 phosphorylated on Ser 707 binds only nuclear Fbxw7α, whereas p100 phosphorylated on Ser 866/870 binds only βTrCP. Thus, differentially localized and modified fractions of p100 undergo distinct regulation by the ubiquitin proteasome system.
From yeast to mammals, inducible phosphorylation is the dominant mechanism controlling the recruitment of substrates to F-box proteins 2, 5 . As phosphorylation of the p100 degron is constitutive, we investigated how Fbxw7α-mediated proteolysis of p100 is regulated. We found that NF-κB proteins are able to induce p100 stabilization through Fbxw7α displacement. These observations indicate that the nuclear accumulation of NF-κB proteins (p52 and RelB) induced by NF-κB signalling may lead to p100 stabilization through competition with Fbxw7α. Thus, we propose a control mechanism, in which recognition of a substrate by an F-box protein is negatively regulated by accumulation of the substrate's interacting partners, physically disrupting the ligase-substrate interaction.
The mechanism of p100 degradation has implications for B-cell malignancies. Constitutive activation of the NF-κB pathway has been found in many lymphoid diseases and contributes to the malignant transformation of B-cell lineages, including plasma cells [27] [28] [29] [30] . Pharmacologic inhibition of the proteasome 28 or Cullin-RING ligases 44 induces apoptosis in multiple myeloma and B-cell lymphoma cell lines, partially by inhibiting NF-κB. Here, we have shown that inhibition of GSK3-mediated signalling (for example, by expressing a phospho-defective mutant of p100 or through pharmacologic inhibition of GSK3) impairs the survival of HMMCLs both in cell systems and xenotransplant models. Interestingly, the toxicity of GSK3 inhibition can be substantially reduced by knockdown of p100. Thus, the intersection of Fbxw7-GSK3-p100 may serve as a potential intervention point for the treatment of multiple myeloma. Moreover, it is likely that the effects observed in multiple myeloma may be generalized to other B-cell neoplasms, especially those addicted to NF-κB. Together, our studies have revealed an unexpected pro-survival role for Fbxw7. A number of cancers, including T-ALL, breast cancers, cholangiocarcinoma, gastric adenocarcinoma and head and neck squamous carcinoma 7, 8, 11, 45 , often carry hemizygous or homozygous mutations in the FBXW7 gene. Most cancer-associated FBXW7 point mutations result in the accumulation of substrates (for example, Notch, c-Myc, cyclin E and Mcl1) due to reduced binding. Interestingly, mutations of Fbxw7 have not been detected in 38 multiple myeloma samples 13 In vitro ubiquitylation, kinase and binding assays. GST-p52 and p100 were expressed in Escherichia coli (BL-21) and SCF Fbxw7α in Sf9 insect cells. Proteins were purified as described previously 47, 48 . The ubiquitylation of in vitro-translated [ 35 S]p100 was carried out as described previously 48 . The ubiquitin reaction mix contains E1 (100 nM), UbcH3 (10 ng µl −1 ), UbcH5c (10 ng µl −1 ), GSK3 (10 ng µl −1 ), ubiquitin (2.5 µg µl −1 ) and ATP (2 mM). For in vitro kinase assays, in vitro-translated p100 was incubated at 30 • C for 30 min, with 2 mM ATP and 100 ng GSK3β, in 15 µl of kinase buffer (50 mM Tris at pH 7.5, 10 mM MgCl 2 and 0.6 mM dithiothreitol). The reaction was stopped by the addition of Laemmli buffer, and the products were subjected to immunoblotting. For in vitro binding assays, in vitro-translated, FLAG-tagged p100 and p100 mutants were immunopurified on anti-FLAG resin and subjected to a kinase reaction (15 min) with purified GSK3β. Samples were washed three times in lysis buffer (50 mM Tris-HCl at pH 7.5, 250 mM NaCl 0.1% Triton X-100 and 1 mM EGTA) to remove GSK3β, and in vitro-translated Fbxw7α was added to the beads. Samples were then washed three times with lysis buffer, and complexes were eluted in Laemmli buffer. Finally, the reactions were subjected to western blot analysis. For the p52 competition assay, increasing amounts of recombinant p52 were added to phosphorylated p100 and incubated for 1 h. The p100:p52 complex was washed three times in lysis buffer, and in vitro-translated Fbxw7α was added to the beads.
Xenotransplantation experiments. Multiple myeloma cells were transplanted
into six-to eight-week-old recipient mice by intraperitoneal or subcutaneous injection of equal ratios of relative light units per cell number (∼1×10 6 cells/250 µl). In vivo bioluminescence imaging was conducted on a cryogenically cooled IVIS system (Xenogen). Ten to fifteen minutes before in vivo imaging, animals were injected intraperitoneally with a saline solution of 15 mg ml −1 of d-luciferin (Caliper) at a dose of 150 mg kg −1 body weight and five minutes later were anaesthetized with a mixture of 2% isofluorane/air. During image acquisition, isofluorane anaesthesia was maintained using a cone delivery system integrated with the IVIS system. A greyscale body surface image was collected in the chamber under dim illumination followed by acquisition and overlay of the pseudocolour image representing the spatial distribution of detected photon counts emerging from active luciferase within the animal. Images and measurements of bioluminescent signals were acquired using a 50% threshold and analysed using Living Image software (Xenogen). Image data are shown in photons per second per square centimetre per steradian. Camera settings (integration time, binning, f/stop, field of view) were kept constant during all measurements.
Purification and analysis of Fbxw7α interactors. HEK293 cells were transfected
with FLAG-HA-tagged Fbxw7α or FLAG-HA-tagged Fbxw7α( WD40) mutant. Approximately 5 × 10 9 cells were treated with 10 µM MG132 for 6 h. Cells were collected and subsequently lysed in lysis buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 1 mM EDTA, 50 mM NaF, 0.5% NP-40, plus protease and phosphatase inhibitors). Fbxw7α was immunopurified with anti-FLAG agarose resin (Sigma) and washed five times with lysis buffer (15 min each). After washing, proteins were eluted twice by competition with FLAG peptide (Sigma). Ninety per cent of the eluate was then subjected to a second immunopurification with an anti-HA resin (Covance), before elution by competition with HA peptide (Roche). The two eluates (10% of the first immunoprecipitate and 100% of the second immunoprecipitate) were separated by SDS-PAGE, and proteins were stained with colloidal blue (for mass spectrometry analysis) or silver stain. Bands from the single anti-FLAG purification and sequential anti-FLAG, anti-HA purification were excised from the gel and digested overnight in situ with trypsin (Sigma). The peptide solution was prepared for mass spectrometry analysis on an Orbitrap LC-MS.
Transient transfections and retrovirus-mediated gene transfer. HEK293 cells
were transfected using polyethylenimine (PEI). For retrovirus production, GP-293 packaging cells (Clontech) were used. Forty-eight hours after transfection, the virus-containing medium was collected and supplemented with 8 µg ml −1 Polybrene (Sigma). Cells were then infected by replacing the cell culture medium with the viral supernatant for 6 h. siRNA oligonucleotide transfection was carried out with HiPerfect (Quiagen) according to the manufacturer's procedure. hFBXW7 siRNA sequences are listed in Supplementary Table S1 .
Immunofluorescence microscopy. Direct and indirect immunofluorescence microscopy was carried out as described previously 48 . Primary antibodies (anti-Nterminal p100, anti-C-terminal p100 and anti-HA) were used at a dilution of 1:1,000.
Plasmids. Generation of lentivirus encoding shRNAs targeting human Fbxw7 was carried out as previously described 48 . The target sequences used to knockdown human Fbxw7 and p100 are described in Supplementary Table S1 .
Messenger RNA analysis. RNA was extracted using the RNeasy Kit (Qiagen).
Complementary DNA synthesis was carried out using Superscript III (Invitrogen). Quantitative PCR analysis with SYBR green (Roche) was carried out according to standard procedures. Primer sequences are listed in Supplementary Table S1 .
Chromatin immunoprecipitations. MEFs were washed twice with PBS and crosslinked with 1% formaldehyde at room temperature for 10 min. Cells then were rinsed with ice-cold PBS twice and sonicated in lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, at pH 8.1, and protease inhibitor cocktail) in a Bioruptor XL (Diagenode), followed by centrifugation for 10 min. Supernatants were collected and diluted in buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl and 20 mM Tris-HCl, at pH 8.1) followed by immunoclearing with Rabbit IgG and protein A-Sepharose for 2 h at 4 • C. Immunoprecipitations were carried out by incubating the supernatants overnight at 4 • C with an anti-RelB antibody (Santa Cruz, sc-226) used at a dilution of 1:200. After immunoprecipitation, protein A-Sepharose was added, and the incubation was continued for 1 h. Precipitates were washed sequentially for 10 min each in buffer I (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, at pH 8.1, and 150 mM NaCl), buffer II (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, at pH 8.1, and 500 mM NaCl) and buffer III (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA and 10 mM Tris-HCl, at pH 8.1). Precipitates were then washed three times with TE buffer and extracted three times with 1% SDS and 0.1 M NaHCO 3 . Eluates were pooled and heated at 65 • C for at least 6 h to reverse the formaldehyde crosslinking. DNA fragments were precipitated with a standard phenol/chloroform protocol. Quantitative PCR analysis was carried out according to the standard procedure. Primer sequences are listed in Supplementary Table S1 .
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Figure S1 with anti-FLAG resin (α-FLAG), and a second immunoprecipitation was performed with an anti-HA antibody, as indicated. Immunocomplexes were eluted with 1% SDS, precipitated, and resolved by SDS-PAGE. The gel was then stained with silver stain for protein visualization. (b) Fbxw7a binds to substrates through specific residues in the WD40 domain. HEK293 cells were transfected with cDNAs encoding either FLAG-HA tagged Fbxw7a or FLAG-HA tagged Fbxw7a(WD40), a previously-established, substrate binding mutant (Hao et al. Mol Cell 26, 131-143, 2007) , in which three residues (Ser462, Thr463, and Arg465) within one of the seven WD40 repeats in Fbxw7a are changed to Ala. Proteins were immunoprecipitated (IP) from cell extracts with anti-FLAG resin (α-FLAG), and immunoblotting was performed for the indicated proteins. In contrast to WT Fbxw7a, Fbxw7a(WD40) was unable to bind its substrates (e.g., cyclin E and intracellular Notch1), although it still interacted with core components of the SCF ligase, such as Skp1 and Cul1. (c) The table shows mass spectrometry analysis of four Fbxw7a immunoprecipitations, listing normalized spectral abundance factors for the proteins indicated. (d) p100 binds Fbxw7a through its C-terminal domain. HEK293 cells were transfected with constructs encoding HA-tagged Fbxw7a and FLAG-tagged p100 deletion mutants. p100 was immunoprecipitated from cell extracts with anti-FLAG resin (α-FLAG), and immunocomplexes were probed with antibodies to the indicated proteins. (e) Schematic representation of p100 mutants. p100 mutants that interact with Fbxw7a are designated with the symbol (+). (f) Alignment of the p100 degron with the degrons of other Fbxw7 substrates. Conserved serine, threonine or negatively charged residues are highlighted in gray. (g) p100 binds Fbxw7a through Ser707 and Ser711. HEK293 cells were transfected with constructs encoding HA-tagged Fbxw7a and FLAGtagged p100 mutants. p100 was immunoprecipitated from cell extracts with anti-FLAG resin (α-FLAG), and immunocomplexes were probed with antibodies to the indicated proteins. Figure S2 p100 is phosphorylated on Ser707 and Fbxw7a controls p100 stability in the nucleus. (a) The p100 (pSer707) antibody is phosphorylation specific. A phospho-specific antibody against the 704 PLPpSPPTSDSDSDSEGP 720 peptide with a phospho-serine at position 707 was generated. HEK293 cells were transfected with a construct encoding FLAG-tagged p100. p100 was immunoprecipitated from cell extracts with anti-FLAG resin (α-FLAG). Immunocomplexes were incubated for 1 hour at 30°C with or without l-phosphatase and blotted with the indicated antibodies. (b) Phosphorylation site specificity of the p100 (pSer707) antibody. HEK293 cells were transfected with constructs encoding different FLAG-tagged p100 mutants. Cell extracts were immunoblotted with the indicated antibodies. (c) Fbxw7a binds p100 phosphorylated on Ser707, but not Ser866 and Ser870. HEK293 cells were transfected with the indicated FLAG-tagged constructs and treated with MG132 (10 mM) or DMSO for 6 hours. FLAG-tagged proteins were immunoprecipitated from cell extracts and probed with antibodies to the indicated proteins. (d) GSK3-mediated phosphorylation of p100 is required for the in vitro binding of p100 to Fbxw7a. In vitro-translated, FLAG-tagged p100 or p100(Ser707/711Ala) was incubated with GSK3b before incubation with in vitro-translated Fbxw7a. Proteins were immunoprecipitated (IP) using anti-FLAG resin (α-FLAG), and immunoblotting for the indicated proteins was performed. 30% of inputs are also shown. (e) Insect cells (Sf9) were co-infected with baculoviruses encoding His-Fbxw7a, Skp1, Cul1, and Rbx1. Cell lysates were subjected to Ni-NTA affinity purification. An aliquot of the purified complex was analyzed on SDS-PAGE, and the gel was stained with Coomassie Blue. (f) Specificity of antibodies to the C-terminus or N-terminus of p100. WT and Nfαb2 -/-MEFs were fixed and stained with the indicated antibodies. DAPI is shown in blue. The antibody specifically recognizing a C-terminal epitope of p100 distinguishes p100 from p52 in immunofluorescence studies. Scale bar, 20 μm. (g) p100 shuttles between the cytoplasm and the nucleus. MEFs were treated with Leptomycin B (LMB) for 4 hours, fixed, and stained with an antibody against the C-terminus of p100 (green). Scale bar, 20 μm. Mutation of Ser707 and Ser711 to Ala induces the accumulation of p100(ΔNES), a constitutively nuclear mutant of p100. HeLa cells were infected with retroviruses expressing either HA-tagged p100(ΔNES) or HA-tagged p100(ΔNES;Ser707/711Ala). Cells were fixed and stained with an antibody against the HA tag (a-HA). Scale bar, 20 μm. (b) p100 requires an intact NLS for nuclear-cytoplasmic shuttling. Nfkb2-/-MEFs were infected with retroviruses expressing either p100, p100(Ser707/711Ala), or p100(NLS). Cells were treated with Leptomycin B (LMB) for four hours, fixed, and stained with an antibody against the C-terminus of p100 (green). Scale bar, 20 μm. (c) Ser707 and Ser711 are required for the degradation of nuclear p100. Nfαb2 -/-MEFs were infected with retroviruses expressing either p100 or p100(Ser707/711Ala). Cells were treated with cycloheximide (CHX) for the indicated times. Cytoplasmic and nuclear fractions were isolated and analyzed by immunoblotting for the indicated proteins. mRNA levels of retrovirally-expressed p100 were analyzed by qPCR (right panel). In the nucleus, p100 half-life was approximately three hours, whereas in the cytoplasm p100 remained stable after 12 hours of CHX treatment. A similar difference was observed for p100 phosphorylated on Ser707, showing that, in contrast to nuclear p100, cytoplasmic p100 is stable even when phosphorylated on the Fbxw7a degron. The Ser707/711Ala mutations increased both the steady state level (time 0) and the stability of nuclear p100. IkBa half-life is included as control for CHX. IkBa and Histone H3 are used as controls of fractionation. (d) The half-life of nuclear p100 is regulated by Fbxw7a and the proteasome. HeLa cells were infected with retroviruses expressing HA-tagged p100 2. Cells were treated with Leptomycin B (LMB) for four hours, and cycloheximide (CHX) was then added for the indicated times. Cell extracts were analyzed by immunoblotting for the indicated proteins. Figure S4 p52 and RelB compete with Fbxw7a for binding to p100. (a) RelB competes with Fbxw7a for binding to p100 in vivo. HEK293 cells were transfected with cDNAs encoding either FLAG-tagged p100 or FLAG-tagged p100(Ser707/711Ala). Increasing amounts of a plasmid encoding HA-tagged RelB were also transfected as indicated. Proteins were immunoprecipitated (IP) from cell extracts with anti-FLAG resin (α-FLAG), and immunoblotting was performed for the indicated proteins. The first lane shows cells transfected with an empty vector (EV). (b) p52 competes with Fbxw7a for binding to p100 in vitro. In vitro translated, FLAG-tagged p100 was immunoprecipitated and incubated at 30°C with purified, recombinant GSK3b. The indicated amounts of purified, recombinant p52 were added and allowed to bind immunoprecipitated p100. Unbound p52 was washed off, and in vitro translated Fbxw7a was incubated with the p100-p52 complexes. After washing, immunoblotting for the indicated proteins was performed. In the right panel the purified, recombinant p52 is shown. Recombinant p52 was expressed as GST-p52 in E. coli. Purified GST-p52 was cleaved with PreScission protease, and an aliquot of the eluted, purified protein was analyzed by SDS-PAGE and Coomassie Blue staining. Arrow indicates the expected size of full-length p52.(c) Following LTαR activation, p100 binding to NF-kB proteins decreases in the cytoplasm and increases in the nucleus. MEFs were treated with a-LTbR for 18 hours. Cells were harvested, fractionated, and endogenous RelA and RelB were immunoprecipitated from both cytoplasmic and nuclear fractions. IgG was used as a negative control. Immunocomplexes were blotted for the indicated proteins. Following a-LTbR ligation, p100 binding to RelA and RelB was decreased in cytoplasmic fractions, whereas more p100 associated with RelA and RelB in the nucleus.
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A similar result was observed for the fraction of p100 phosphorylated on Ser707. These data indicate a distinct regulation of the cytoplasmic and nuclear pools of p100 with regard to its binding to NF-kB proteins. (d) p100 bound to Fbxw7a associates to NF-kB proteins via RHD:RHD interactions. HEK293 cells were transfected with FLAG-tagged p100 or an empty vector (EV) either alone or in combination with HA-tagged Fbxw7a. To analyze total RelB-p100 complexes (top panel), FLAG-p100 was immunoprecipitated with an a-FLAG resin. The IP was divided in four tubes and then washed with lysis buffer containing the indicated concentrations of deoxycholate (DOC). To analyze RelB-p100 complexes bound to Fbxw7a (bottom panel), HA-tagged Fbxw7a was immunoprecipitated with an a-HA resin. The IP was washed and eluted using the HA peptide. 5% of the eluate was resolved by SDS-PAGE (designated "HA-elution"). The remaining eluate was subjected to a second round of immunoprecipitation with an a-FLAG resin to isolate FLAG-p100 complexes. The IP was divided in four tubes and then washed with lysis buffer containing the indicated concentrations of DOC. IPs were resolved by SDS-PAGE and immunoblotted for the indicated proteins. The presence of DOC in wash buffer has been demonstrated to interfere with RHD:ARD interactions, but not with stronger RHD:RHD interactions. The RHDs of NF-kB proteins bind p100 either through its RHD (i.e. forming a complex that is DOCinsensitive) or its ARD (i.e. forming an inactive complex that is DOC-sensitive). We found that, in contrast to total p100, which forms both DOC-sensitive and DOC-insensitive complexes, the fraction of p100 bound to Fbxw7a only forms DOC-insensitive complexes with RelB, indicating that the latter binds the RHD of p100 and not its ARD. A schematic representation of RelB:p100 complexes is shown in the right panels. Figure S6 Stabilization or mislocalization of p100 inhibits NF-kB signaling. (a) Forced localization of p100 in either the nucleus or cytoplasm inhibits LTbR-dependent NF-kB target gene transcription. MEFs retrovirally expressing p100, p100(4xNES), or p100(NLS) were stimulated with agonistic a-LTbR antibodies and harvested 12 hours later. The levels of the indicated mRNAs were determined by quantitative real time PCR (+ s.d., n=3) and normalized to percent of activation for p100 WT infected cells. (b) Stabilization or mislocalization of p100 in the nucleus compromises RelB association with NF-kB target gene promoters upon LTbR stimulation. MEFs retrovirally expressing empty vector (EV), p100, p100(Ser707/711Ala), p100(4xNES), or p100(4xNES;Ser707/711Ala) were stimulated for six hours with agonistic a-LTbR antibodies. Chromatin immunoprecipitation (ChIP) was performed using an anti-RelB antibody and immunoprecipitated DNA was amplified by real-time PCR with primers flanking NF-kB elements in the indicated gene promoters (+ s.d., n=3). The LTbR unresponsive IL-6 promoter was used as negative control. The value given for the amount of PCR product present in empty vector infected MEF cells was set to 1. Mutation of the Fbxw7a phospho-degron does not affect NIK-inducible processing of p100 to p52. HEK293 cells were transfected with p100, p100(Ser707/711Ala), p100(Ser866Ala), or an empty vector (EV), along with the indicated amounts of NIK cDNA. Cells were harvested at 24 hours after transfection and western blot analysis was performed for the indicated proteins. The results show that p100 and p100(Ser707/711Ala) are processed to a similar extent upon NIK expression. A p100 mutant defective for inducible processing, p100(Ser866Ala), is shown as a control. 
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